Introduction
============

The vast majority of mitochondrial proteins (∼99%) are encoded by nuclear genes, translated in cytoplasm, and imported into mitochondria via different pathways ([@bib63]). Previous studies have shown that proteins with internal mitochondrial targeting sequences (MTSs; IMTSs) are chaperoned by heat shock proteins ([@bib74], [@bib75]) in the cytoplasm. In addition, messages of many mitochondrial proteins of prokaryotic evolutionary origin localize to ribosomes in the vicinity of mitochondria for co-translational import into mitochondria ([@bib34]; [@bib20]). However, other proteins, including many proteins that are part of the mitochondrial complex I (CI), do not fall into either of these categories. Most of them contain N-terminal MTSs (NMTSs) that are cleaved from the preproteins upon mitochondrial import. In addition, most CI subunits are of eukaryotic origin, and mRNAs encoding proteins of eukaryotic origin are translated on free cytosolic ribosomes ([@bib34]). How these preproteins cope with the hydrophilic environment before their mitochondrial import is ill defined, possibly because they are not present in some model organisms, such as yeast.

CI (also known as NADH coenzyme Q oxidoreductase) is the largest protein complex in the electron transport chain (ETC). It is an integral membrane protein complex that resides in the mitochondrial inner membrane ([@bib10]) and consists of \>40 subunits. Seven subunits are encoded by the mitochondrial genome, whereas the others are encoded in the nucleus ([@bib31]). Many of these nuclear encoded subunits possess NMTSs but not IMTSs ([@bib34]).

CI plays a central role in energy metabolism and regulation of reactive oxygen species (ROS) production ([@bib50]; [@bib49]). Cells with high energetic demands, such as neurons, are very sensitive to CI deficiency ([@bib15]; [@bib28]), and defects in CI function have been linked to elevated production of ROS and various neurodegenerative disorders, such as Alzheimer's disease, Parkinson's disease, and Leigh syndrome ([@bib40]; [@bib33]; [@bib11]; [@bib38]).

In a recent study, [@bib51] identified a mitochondrial CI assembly factor, *C8ORF38*. Knockdown of *C8ORF38* by RNAi in human fibroblasts resulted in decreased levels of CI subunits and reduced CI activity. In addition, two siblings who presented with Leigh syndrome, an early onset neurodegenerative mitochondrial disorder, were shown to harbor a homozygous splicing mutation in *C8ORF38* ([@bib51]; [@bib37]). C8ORF38 has an NMTS and is localized to the mitochondrial matrix ([@bib37]). Loss of C8ORF38 affects the stability, but not the synthesis, of ND1, a CI subunit encoded by the mitochondrial genome ([@bib79]). However, the precise role of C8ORF38 remains elusive.

We isolated *sicily* mutations in an unbiased forward genetic screen in *Drosophila melanogaster*. *sicily* encodes the homologue of human C8ORF38. We show that Sicily interacts with cytosolic Hsp90 to chaperone a CI subunit, ND42, in the cytoplasm. In the absence of Sicily, CI activity is severely impaired, and ROS production is elevated. We also show that Sicily does not require its MTS for its function in CI assembly. Our data provide evidence that cytosolic chaperones regulate mitochondrial CI assembly by escorting a CI subunit in the cytoplasm before its mitochondrial import.

Results
=======

*XE07* mutations cause severe neurodegenerative phenotypes
----------------------------------------------------------

To identify novel genes on the *Drosophila* X chromosome that cause a neurodegenerative phenotype, we performed a large forward mosaic genetic screen using the flippase/flippase recognition target system ([@bib69]; [@bib70]) and identified a complementation group, *XE07*, which exhibits degenerative electroretinogram (ERG) defects in clones. In response to a light pulse, 1-day-old flies display reduced amplitudes ([Fig. 1, a](#fig1){ref-type="fig"} \[bracket\] and b), when compared with wild-type tissue. Aging the flies causes the defects to worsen, and the ERG amplitudes are almost completely abolished after 24 d ([Fig. 1, a and b](#fig1){ref-type="fig"}), showing that the photoreceptors (PRs) deteriorate with age. To determine whether there is a progressive morphological demise of the PR, we performed transmission EM (TEM) on mutant retinas of flies of different ages. Newly eclosed flies with *XE07* mutant clones contain a normal number of rhabdomeres per ommatidium with the typical trapezoidal organization. However, the pigment cells that function as glial cells in the eye are vastly expanded and display highly aberrant morphological features (compare [Fig. 1, d and c](#fig1){ref-type="fig"}). Upon aging for 10 d, some rhabdomeres are missing, and many PRs appear rough and/or vacuolated. The cell bodies of PRs are packed with electron-dense particles ([Figs. 1 d′](#fig1){ref-type="fig"} and [S1 a](http://www.jcb.org/cgi/content/full/jcb.201208033/DC1){#supp1}). At day 24, the rhabdomeres are barely recognizable or missing ([Fig. 1 d″](#fig1){ref-type="fig"}), whereas the wild-type retinas still exhibit intact structure (Fig. S1 b). Hence, loss of *XE07* causes a severe neurodegenerative phenotype. To assess whether this phenotype is light dependent, we raised the flies in complete darkness. Flies with mutant clones raised in darkness display less aberrant rhabdomeres per ommatidium than flies raised in a light/dark cycle (Fig. S1, a and c). Hence, the neurodegeneration associated with *XE07* occurs in both the presence and absence of light and is only delayed in the dark.

![***XE07* mutants display progressive neurodegenerative features in PRs.** (a) In response to a 1-s light pulse, 1-day-old *XE07* mutant flies display reduced amplitudes (bracket) when compared with wild type. Aging these flies causes the defects to worsen, and the ERG amplitudes are almost completely abolished after 24 d. This defect can be rescued by either a fly genomic construct or human *C8ORF38* cDNA. (b) Quantification of the depolarization amplitude in a. Data are presented as means ± SEM. \*\*, P \< 0.01, Student's *t* test. (c--d″) TEM sections of fly retinas. Mutant retinas (d) display normal differentiation of seven rhabdomeres at day 1, but the pigment cells (bolded black lines) are largely expanded compared with wild type (c). Mutant rhabdomeres are dissociated after aging for 10 d (d′), and the defect worsens with age (d″). Arrows in c--d′ indicate mitochondria that are also boxed. The bolded lines depict the membrane of single pigment cells. Bar, 2 µm. The boxes containing mitochondria are 1 µm × 1 µm. *wild type* (*wt*): *FRT19A; eyFLP*.](JCB_201208033_Fig1){#fig1}

TEM also revealed defects associated with mitochondria. Mitochondria of newly eclosed mutants are enlarged when compared with mitochondria in wild-type tissue ([Figs. 1, d](#fig1){ref-type="fig"}, compare with c, arrowheads and insets; and S1 d). At day 10, the mutant mitochondria are swollen and vacuolated, with dissociated cristae ([Fig. 1 d′](#fig1){ref-type="fig"}, arrow and inset). At day 24, the overall morphology of PRs is so severely affected that one can hardly identify mitochondria ([Fig. 1 d″](#fig1){ref-type="fig"}).

*XE07* is the *Drosophila* homologue of human *C8ORF38*
-------------------------------------------------------

To identify the molecular lesions of the *XE07* alleles, we performed duplication and deficiency mapping. A lethal *P* element insertion line ([@bib5]) affecting *CG15738* fails to complement the lethality of all six alleles, indicating that *XE07* corresponds to *CG15738* ([Fig. S2 a](http://www.jcb.org/cgi/content/full/jcb.201208033/DC1){#supp2}). Sanger sequencing identified three nonsense mutations (A, E, and H), two deletions (C and G), and a mutation in a potential splicing site (B) in *CG15738* ([Fig. 2 a](#fig2){ref-type="fig"}). Mutant hemizygous males and trans-heterozygous females are pupal lethal (Fig. S2 b). Interestingly, mutant larvae have very extended larval stages and live for 7--10 d as third instars before pupation, whereas wild-type third instars typically pupate after 2 d. We therefore named our gene "*sicily*" for severe impairment of CI with lengthened youth ([Fig. 2 d](#fig2){ref-type="fig"}). Finally, the ERG and TEM of the lamina associated with the six alleles do not reveal an obvious allelic series (unpublished data), suggesting that all alleles are similar loss-of-function mutations. We therefore decided only to characterize two alleles: *sicily^C^* (loss of the promoter and first two exons) and *sicily^E^* (Q133X).

![***XE07* corresponds to *CG15738* (*sicily*), the fly homologue of human *C8ORF38*.** (a) Schematic representation of the molecular lesions of *XE07* alleles. (b) Extent of a genomic rescue construct and its mCherry-tagged version. The 5′ of *CG15738* contain seven repeats, and six of the repeats were lost (dashed lines) during PCR and other steps in the cloning. (c) TEM section of *sicily* mutant retina rescued by the genomic construct, aged for 24 d. The neurodegenerative phenotypes are fully rescued by the genomic rescue construct. Bar, 2 µm. (d) ETC assays show that mitochondrial complex I (CI) activity is severely compromised in *sicily* mutants. Data are presented as means ± SEM (\*\*, P \< 0.01, Student's *t* test, *n* = 3). (e) CI protein levels are severely reduced in *sicily* mutants. The arrowhead indicates the specific band for ND42. It also co-migrates with CI on Blue-Native PAGE. The middle band is detergent insoluble and does not appear on Blue-Native PAGE. The third band does not co-migrate with CI on Blue-Native PAGE (not depicted). (f) Aconitase assay. The aconitase assay was performed on purified mitochondria as previously described ([@bib71]). Reducing reagents were used to reactivate native aconitase. Data are presented as means ± SEM (\*, P \< 0.05; \*\*, P \< 0.01; Student's *t* test; *n* = 3). *wild type* (*wt*): *FRT19A*. CytC, cytochrome *c*.](JCB_201208033R_Fig2){#fig2}

The human homologue of Sicily, C8ORF38, is a mitochondrial CI assembly factor. Patients with mutations in *C8ORF38* presented with Leigh syndrome and CI deficiency ([@bib51]). Similar to its human homologue, Sicily possesses a predicted NMTS (11 aa). 70% of the protein consists of an evolutionarily conserved domain with unknown function (Fig. S2 c, black bar). Despite its similarity to the predicted evolutionary origin of squalene and phytoene synthase (∼40% based on Pfam prediction), several key amino acids conserved in most squalene and phytoene synthases are absent in this domain ([@bib54]), suggesting that it may not possess an enzymatic function.

Genomic rescue constructs ([Fig. 2 b](#fig2){ref-type="fig"}) rescue the lethality (Fig. S2 b), ERG defects ([Fig. 1, a and b](#fig1){ref-type="fig"}), and retinal degeneration ([Fig. 2 c](#fig2){ref-type="fig"}) associated with the loss of *sicily* for all alleles. Ubiquitous expression of the *CG15738* cDNA using the GAL4/upstream activation sequence (UAS) system ([@bib7]), driven by *daughterless* (*da*)*-GAL4* also rescues the lethality and phenotypes associated with all alleles (unpublished data), demonstrating that *sicily* indeed corresponds to *CG15738*. In addition, ubiquitous expression of human *C8ORF38* cDNA also rescues the lethality and ERG defects ([Figs. 1, a and b](#fig1){ref-type="fig"}; and S2 b), indicating that the function of *sicily/C8ORF38* is conserved between flies and human.

To determine whether *sicily* affects CI function, we performed the ETC assay and found that the CI activity is severely compromised in *sicily* mutants when compared with wild type ([Fig. 2 d](#fig2){ref-type="fig"}). To further test whether *sicily* affects the protein level of CI subunits, we immunoblotted purified mitochondria of *sicily* mutants with eight different antibodies raised against human CI subunits. Only two, NDUFS3 ([@bib9]) and NDUFA10 (ND42 in *Drosophila*), cross-reacted and were specific. Both NDUFS3 and ND42 are severely down-regulated in *sicily* mutants, whereas other mitochondrial proteins, including Porin ([@bib21]) and cytochrome *c*, are unaltered or slightly increased ([Fig. 2 e](#fig2){ref-type="fig"}). These data indicate that *sicily* affects CI, in agreement with previous findings for *C8ORF38* ([@bib51]; [@bib37]; [@bib79]).

CI is responsible for most cellular ROS production in mitochondria ([@bib8]), and impairment in CI activity often results in oxidative stress ([@bib50]; [@bib49]). To test this, we performed the aconitase assay, an indicator of ROS-mediated oxidative damage ([@bib71]), and found that aconitase activity is severely decreased in *sicily* mutants, whereas the in vitro reactivated aconitase activity remains unaltered ([Fig. 2 f](#fig2){ref-type="fig"}), suggesting that the ROS levels are chronically increased in *sicily* mutant cells ([@bib18]). We also confirmed that the ROS level is increased in *sicily* mutant tissues based on MitoSOX staining (Invitrogen; unpublished data; [@bib72]). ROS damages the proper folding of proteins that can activate Hsp60 ([@bib73]; [@bib4]). As shown in [Fig. 2 e](#fig2){ref-type="fig"}, Hsp60 is up-regulated, suggesting that *sicily* mutants may contain misfolded mitochondrial proteins.

Sicily interacts with the preproteins of ND42 and NDUFS3 before their mitochondrial import
------------------------------------------------------------------------------------------

To study the function of Sicily, we performed a yeast two-hybrid screen and identified ND42, a CI subunit, as a Sicily interactor ([Fig. 3 a](#fig3){ref-type="fig"}). We confirmed this interaction by coimmunoprecipitation (IP; co-IP; [Fig. 3 b](#fig3){ref-type="fig"}). In these co-IP assays, we noticed that both Sicily and ND42 display two isoforms ([Fig. 3 b](#fig3){ref-type="fig"}, large \[l\] vs. small \[s\]). However, based on annotations, neither Sicily nor ND42 has more than one translational variant in *Drosophila*, suggesting that the isoforms are caused by posttranslational modifications. As NMTSs are cleaved from preproteins after mitochondrial import ([@bib34]), we hypothesized that the two isoforms correspond to the uncleaved preproteins in cytoplasm and cleaved proteins in mitochondria, respectively. Indeed, the predicted length of the NMTS in Sicily is 11 aa (1.2 kD) and the NMTS of ND42 is 47 aa (5.1 kD), in agreement with the difference between the two isoforms.

![**Sicily interacts with CI subunits in cytoplasm.** (a) Sicily interacts with ND42 in a yeast two-hybrid assay. Yeast transfected with DNA are plated on SD-Trp-Leu-His media supplemented with X-α-gal. (b) Sicily and ND42 co-IP. S2 cells transfected with *Ubi-GAL4*, *UAS-Sicily-V5*, and/or *UAS-ND42-HA* were harvested and lysed 48 h after transfection. Both Sicily and ND42 exhibit two isoforms. The smaller isoforms (s) are more predominant in the input and IP, but the larger ones (l) are more predominant in the co-IP. (c) Immunoblots of subcellular fractionations of S2 cells expressing Sicily-V5 and ND42-HA. The larger isoforms of both Sicily and ND42 are enriched in cytoplasm (C), whereas the smaller isoforms are enriched in mitochondria (M). (d) Number of peptides of ND42 identified in mass spectrometry analysis. A peptide located within the predicted MTS of ND42 is identified in the larger, but not smaller, isoform. The area under curve (AUC) ratio of smaller isoform/larger isoform: 7% for the first peptide from the N terminus (aa 16--37); ∼50% for the other peptides. (e) Immunoblots of subcellular fractionations of S2 cells expressing Sicily(-MTS)-V5 and ND42(-MTS)-HA. Both proteins are enriched in cytoplasm. (f) Co-IP of Sicily-MTS and ND42. Sicily-MTS shows similar binding affinity to ND42 as Sicily containing its MTS. An unrelated protein, Marf (fly homologue of Mitofusin), serves as a negative control. (g) Co-IP of Sicily and NDUFS3. Full-length Sicily preferentially interacts with NDUFS3. Tub, Tubulin; WB, Western blot.](JCB_201208033_Fig3){#fig3}

To further test this hypothesis, we separated the cytoplasmic and mitochondrial fractions and found that the larger isoforms of both Sicily and ND42 are enriched in cytoplasm, whereas the smaller isoforms are enriched in mitochondria ([Fig. 3 c](#fig3){ref-type="fig"}). We then purified both isoforms of ND42 and subjected them to mass spectrometry analysis and identified five readings of peptide aa 16--37 from the larger isoform but none from the smaller isoform of ND42 ([Fig. 3 d](#fig3){ref-type="fig"}). As this peptide (aa 16--37) is derived from the predicted NMTS (aa 1--47), these data indicate that the NMTS is present in the larger isoform. We also repeat this experiment with Sicily. However, we were unable to obtain enough protein for mass spectrometry analysis.

In our co-IP assays, we also observed that the larger isoforms of Sicily and ND42 preferentially coprecipitate with each other ([Fig. 3 b](#fig3){ref-type="fig"}). This is not because of a generic bias of the IP, as most of the precipitated proteins consist of the smaller isoforms ([Fig. 3 b](#fig3){ref-type="fig"}, second and fourth boxes). These data indicate that the preproteins of Sicily and ND42 interact with each other in the cytoplasm, before their mitochondrial import.

To provide additional evidence that Sicily is able to interact with ND42 outside mitochondria, we engineered a Sicily protein lacking its predicted NMTS (aa 1--11), which we will refer to as Sicily-MTS. Sicily-MTS is mostly localized to cytoplasm ([Figs. 3, e](#fig3){ref-type="fig"} compare with c; and [S3](http://www.jcb.org/cgi/content/full/jcb.201208033/DC1){#supp3}) and exhibits a similar binding affinity to ND42 as full-length Sicily ([Fig. 3 f](#fig3){ref-type="fig"}). To test whether Sicily-MTS rescues the phenotypes caused by loss of Sicily, we expressed Sicily-MTS in *sicily* mutants. Ubiquitous expression of Sicily-MTS, driven by *da-GAL4*, rescues the lethality, CI defects ([Fig. 4, a and b](#fig4){ref-type="fig"}), and decreased aconitase activity ([Fig. 4 c](#fig4){ref-type="fig"}) in *sicily* mutants. Together, these data indicate that the cytoplasmic role of Sicily is essential for CI function and that there is a dramatic rescue when compared with [Fig. 1 d′](#fig1){ref-type="fig"}. However, rescued animals display some subtle defects: a partial loss of "off" transient in their ERGs ([Fig. 4 d](#fig4){ref-type="fig"}), enlarged mitochondria at day 1 ([Fig. 4, e and f](#fig4){ref-type="fig"}, arrowhead and box), and some loss of PRs at day 10 ([Fig. 1 c](#fig1){ref-type="fig"}).

![**Cytoplasmic Sicily (Sicily-MTS) rescues defects caused by loss of Sicily.** *sicily* mutant males that lack the protein express Sicily-MTS under the control of the *da-GAL4* driver, a ubiquitous driver. (a) These flies express wild-type levels of ND42 and NDUFS3 CI proteins. (b and c) Moreover, restoring the expression of *sicily* restores CI activity to wild-type levels (b) and reduces the elevated levels of ROS observed in *sicily* mutants, as it restores aconitase activity to wild-type levels (c). Data are presented as means ± SEM. (\*, P \< 0.05; \*\*, P \< 0.01; Student's *t* test). CS, citrate synthase. (d--f) In addition, we observe a partial rescue of the ERG defects (d) and retina morphology defects (e and f). Bar, 2 µm. The arrowheads indicate mitochondria that are also highlighted in the insets. The insets are 1 µm × 1 µm. *wild type* (*wt*) corresponds to y w *FRT19A* in a--d. The black arrow in a indicates the specific band.](JCB_201208033R_Fig4){#fig4}

If Sicily regulates CI solely through ND42, overexpression of ND42 in *sicily* mutants might rescue some of the defects. However, this is not the case, as overexpression of ND42 does not rescue the lethality or retinal degeneration in *sicily* mutants, nor does it restore the abundance of NDUFS3 (unpublished data), suggesting that Sicily may affect multiple CI subunits in addition to ND42. Indeed, we also observe that Sicily interacts with NDUFS3 in co-IP assays and that the preprotein of Sicily again preferentially interacts ([Fig. 3 g](#fig3){ref-type="fig"}). Because NDUFS3 is a component that has been implicated in an early phase of CI assembly ([@bib1]), it is likely that most CI subunits are affected when Sicily is lost.

Sicily is localized to cytoplasm and mitochondria in vivo
---------------------------------------------------------

To determine where Sicily is localized in vivo when expressed at endogenous levels, we generated five antibodies. However, none recognized endogenous Sicily. We therefore tagged our genomic rescue construct with different tags: HA, V5, or mCherry. Unfortunately, the HA-tagged construct did not rescue the lethality. In addition, though the V5-tagged construct rescues the lethality and phenotypes, we were unable to detect the V5 epitope with either immunoblot or immunofluorescent staining in vivo, potentially because the endogenous level of Sicily is very low. The mCherry-tagged genomic rescue construct rescued the lethality and ERG defects of all alleles (unpublished data), showing that it is functional. Using a DsRed antibody (Takara Bio Inc.), we found that Sicily-mCherry is expressed in the ventral nerve cord ([Fig. 5, a and b](#fig5){ref-type="fig"}), larval brain (not depicted), motor neuron axons ([Fig. 5, c and d](#fig5){ref-type="fig"}), imaginal discs ([Fig. 5, e and f](#fig5){ref-type="fig"}), and muscles (not depicted). Hence, the gene is expressed in many tissues.

![**Sicily is present in both cytoplasm and mitochondria.** (a--a″) Third instar posterior ventral nerve cord of *sicily* mutants rescued with a genomic Sicily-mCherry construct costained with anti-DsRed (a) and anti-ATP synthase α subunit (complex V \[CV\]), a mitochondrial marker (a′). Merged in a″. In b--b″ are insets from a--a″. (c--c″) Motor neuron axons of third instar larvae. In d--d″ are insets from c--c″. (e--e″) Eye imaginal disc. In f--f″ are insets from e--e″. Sicily is only partially colocalized with and often juxtaposed to CV staining. Bars: (a and e) 50 µm; (c) 5 µm.](JCB_201208033_Fig5){#fig5}

To determine whether Sicily is localized to cytoplasm and/or mitochondria in vivo, we costained Sicily-mCherry with two mitochondrial markers, ATP synthase (complex V \[CV\]) α subunit ([Fig. 5](#fig5){ref-type="fig"}; [@bib3]) and mitochondria-EYFP (not depicted; [@bib30]). Sicily is only partially colocalized with these mitochondrial markers in all tissues observed, and a significant amount of protein is not colocalized but often juxtaposed to mitochondria. To confirm that Sicily is present in cytoplasm, we separated the mitochondrial and cytoplasmic fractions of *sicily* mutant flies rescued by genomically encoded Sicily-mCherry and immunoblotted them with the DsRed antibody. However, because of the low abundance of Sicily, we were unable to detect the endogenous protein on Western blot after fractionation (unpublished data). We therefore used an RFP nanobody (ChromoTek) to immunoprecipitate the Sicily-mCherry expressed by the genomic rescue construct (Fig. S3, c and d) in both fractions. These camel nanobodies have been shown to be very efficient for IPs of tagged proteins (Fig. S3 c; [@bib43]). As shown in Fig. S3 d, Sicily-mCherry is found in both fractions, showing that Sicily is present in both cytoplasm and mitochondria.

Sicily chaperones ND42 outside mitochondria
-------------------------------------------

As the preproteins of Sicily and ND42 interact with each other, Sicily may stabilize the ND42 preprotein in cytoplasm and/or target it to mitochondria. If the latter hypothesis is correct, ND42 preprotein should accumulate in cytoplasm in *sicily* mutants. However, this is not observed ([Fig. 6, a and b](#fig6){ref-type="fig"}). Moreover, when overexpressed in *sicily* mutants, most ND42 is cleaved and localized to mitochondria ([Fig. 6 b](#fig6){ref-type="fig"}), further supporting that Sicily is not required to target ND42 to mitochondria. Hence, we propose that the cytoplasmic role of Sicily is to prevent the degradation of, rather than to target, ND42 preproteins to mitochondria.

![**Sicily stabilizes ND42 in cytoplasm.** (a) Immunoblots of whole body extract from *sicily* mutants expressing ND42-HA with a genomic construct. The overall level, including the level of ND42-HA preprotein, is down-regulated in *sicily* mutants, when compared with wild-type animals, suggesting that uncleaved/unprocessed ND42 does not accumulate in cytoplasm. *wild type* (*wt*) corresponds to *FRT19A; gND42-HA/+*. (b) Immunoblots of overexpressed ND42-HA in *sicily* mutants. The *da* refers to a *da-GAL4* driver that activates the UAS-ND42-HA construct ubiquitously at low levels. The level of mitochondrial ND42-HA is restored in *sicily* mutants, suggesting that Sicily is not required to target ND42 to mitochondria. However, the level of ND42 is reduced when Sicily is lost. *wild type* corresponds to *FRT19A; gND42-HA/gND42-HA*. (c--f″) Effect of Sicily coexpression on cytoplasmic ND42. S2 cells expressing UAS-ND42-HA and/or UAS-Sicily-V5 under the control of *Ubi-GAL4*, a ubiquitously expressed driver, were costained with HA and CV antibodies. MTS-less ND42 (ND42-MTS) is more broadly localized (d--d″) than full-length ND42 (c--c″). Sicily (e--e‴) or Sicily-MTS (f--f‴), when coexpressed with ND42-MTS, do not target ND42-MTS to mitochondria but rather lead to an increase in the level of ND42-MTS (e--f‴). These observations based on confocal microscopy are confirmed by Western blots in [Fig. 6 g](#fig6){ref-type="fig"}. (g) Coexpression of Sicily or Sicily-MTS leads to an increase of ND42-MTS level, when compared with coexpression of mCherry, an unrelated protein. Porin is used as a loading control, and GFP is used as a transfection control. (h) Immunoblots of in vitro translated ND42 either with or without co-translation of Sicily proteins. ND42 is up-regulated when Sicily or Sicily-MTS is co-translated. The asterisk points to a nonspecific protein that serves as a loading control. (i) Immunoblots of ND42-MTS in S2 cells treated with MG132, bafilomycin A1 (BFA), or a mock control, DMSO. MG132 treatment leads to ubiquitinated ND42. Bar, 2 µm.](JCB_201208033_Fig6){#fig6}

To further test this hypothesis, we engineered an ND42 protein that lacks its NMTS (ND42-MTS) and coexpressed it with or without Sicily. We found that ND42-MTS is mostly localized to cytoplasm ([Fig. 6, d--d″](#fig6){ref-type="fig"} compared with c--c″) and that coexpression of Sicily does not alter this localization ([Figs. 6, e--f‴](#fig6){ref-type="fig"}; and [3 e](#fig3){ref-type="fig"}), providing compelling evidence that Sicily does not target ND42 to mitochondria. On the other hand, coexpressing Sicily or Sicily-MTS leads to an increase of ND42-MTS levels ([Fig. 6, e--g](#fig6){ref-type="fig"}). These data strongly suggest that Sicily stabilizes ND42 and that it does not require its mitochondrial localization to perform this function. To confirm that Sicily stabilizes ND42 posttranslationally, we in vitro translated ND42 (full length) with or without Sicily and observed that ND42 is up-regulated when co-translating Sicily or Sicily-MTS ([Fig. 6 h](#fig6){ref-type="fig"}). These data show that Sicily prevents the degradation of ND42 preproteins.

As ND42 is down-regulated in the absence of Sicily, we next explored how ND42 is degraded in cytoplasm. We treated cells expressing ND42-MTS with a proteasome inhibitor, MG132, or a lysosomal inhibitor, bafilomycin A1, and found that ubiquitinated ND42-MTS is up-regulated when the proteasomal, but not the lysosomal, function is blocked ([Fig. 6 i](#fig6){ref-type="fig"}). These data suggest that the cytoplasmic ND42 is degraded mainly through the ubiquitin--proteasomal pathway. In summary, our data indicate that Sicily interacts with and stabilizes the preproteins of ND42 in cytoplasm.

Akin to Sicily, loss of ND42 causes CI defects and neurodegeneration
--------------------------------------------------------------------

ND42 is an integral membrane protein of eukaryotic evolutionary origin, as it is not found in prokaryotes. Its human homologue, *NDUFA10*, has been found to be mutated in a case of Leigh syndrome with a CI deficiency ([@bib22]). To probe the role of *ND42* in CI function and neurodegeneration, we knocked down *ND42* using two *UAS-RNAi* lines and showed that both RNAi lines lead to a severe knockdown of the protein ([Fig. 7 a](#fig7){ref-type="fig"}). The loss of ND42 also leads to the loss of NDUFS3 ([Fig. 7 a](#fig7){ref-type="fig"}) and reduced CI activity ([Fig. 7 b](#fig7){ref-type="fig"}), indicating that ND42 is an essential subunit of CI. Furthermore, larvae expressing the *ND42* RNAi also exhibited evidence of elevated ROS ([Fig. 7 c](#fig7){ref-type="fig"}) and an up-regulation of Hsp60 ([Fig. 7 a](#fig7){ref-type="fig"}), similar to loss of *sicily*. Finally, knockdown of ND42 in the visual system causes a severe retinal degeneration, as observed in *sicily* mutants ([Figs. 7, d--e″](#fig7){ref-type="fig"}; and [S4](http://www.jcb.org/cgi/content/full/jcb.201208033/DC1){#supp4}). In summary, loss of ND42, a CI subunit, and loss of Sicily lead to very similar biochemical and morphological defects.

![**Loss of ND42 phenocopies loss of Sicily.** (a) Immunoblots of CI subunits, Porin, and Hsp60 in mitochondrial fractions purified from third instar larvae expressing *ND42* RNAi. CI subunits are almost completely lost, and Hsp60 is up-regulated. The arrowhead indicates the specific band for ND42. (b) CI activity assay. Both RNAi-treated lines exhibit a near complete loss of CI activity. (c) Aconitase assay. Data are presented as means ± SEM (\*, P \< 0.05; \*\*, P \< 0.01; Student's *t* test; *n* = 3). (d--e″) TEM analysis of the retinas. Newly eclosed flies with *ND42* RNAi, driven by *GMR-GAL4*, display a normal number and arrangement of rhabdomeres (d′ and d″), but the pigment cells are expanded when compared with the control flies (d). Upon aging for 10 d, the retinas of these flies degenerate (e′ and e″), rhabdomeres are missing or dissociating, and the cell bodies of some PRs are vacuolated. Bar, 2 µm. (a--c) *wild type* (*wt*): *da/+*. (d and e) *wild type*: *GMR/+*. ctrl, control.](JCB_201208033R_Fig7){#fig7}

Hsp90 interacts with Sicily to chaperone ND42
---------------------------------------------

Because our data indicate that Sicily interacts with and stabilizes CI preproteins in the cytoplasm, we reasoned that it may act as a chaperone. As Sicily does not show homology to known chaperones, it may stabilize ND42 by recruiting other chaperones as a cofactor. To determine whether any cytosolic chaperones interact with Sicily, we performed in vivo co-IPs of Sicily-mCherry from whole flies using the RFP nanobody ([@bib43]) followed by mass spectrometry analysis to identify interactors. We found several chaperones that interact with Sicily, including Hsp90 (CG1242). Hsp90 is a specialized chaperone that only functions at a late stage of substrate folding ([@bib74]). Specific cochaperones are required to stabilize its substrates, or these partially folded proteins are degraded ([@bib24]; [@bib74]). Hence, Sicily may be a cochaperone of Hsp90 to stabilize ND42. Indeed, Hsp90 binds to Sicily in an in vitro co-IP assay ([Fig. 8 a](#fig8){ref-type="fig"}), and Hsp90 coimmunoprecipitates ND42 only when Sicily is coexpressed ([Fig. 8 b](#fig8){ref-type="fig"}), indicating that Sicily, ND42, and Hsp90 are in a complex and that Sicily is required for Hsp90 to interact with ND42. To test whether ND42 facilitates the Hsp90--Sicily interaction, we compared co-IPs of Hsp90 and Sicily in the absence and presence of ND42 and found that the affinities are similar ([Fig. 8 c](#fig8){ref-type="fig"}), suggesting that ND42 does not affect the Hsp90--Sicily interaction. Together, these data indicate that Sicily is a primary binding partner of Hsp90, whereas ND42 is a secondary binding partner.

![**Hsp90 is required for Sicily to chaperone ND42.** (a) Co-IP of Hsp90 and Sicily. (b) Co-IP of Hsp90 and ND42. Hsp90 interacts with ND42 only when Sicily is coexpressed. (c) Comparing co-IP of Hsp90 and Sicily in the presence or absence of ND42. ND42 does not affect Hsp90-Sicily binding. (d) Co-IP of Hsp90 and ND42 in the presence of cross-linkers. DSG, disuccinimidyl glutarate. (e) The effect of geldanamycin (GA), a specific inhibitor for Hsp90, on Sicily and ND42. The level of Sicily and ND42 are decreased when Hsp90 activity is inhibited. In flies, the typical active concentration of GA is in the 0.1--5-µM range ([@bib2]; [@bib27]). We used 0.1--2 µM. (f) CI proteins are down-regulated in flies expressing *Hsp90* RNAi. *wild type* (*wt*): *da/+*. (g) Endogenous Sicily is down-regulated in flies expressing *Hsp90*, but not *ND42*, RNAi. The arrowhead on the left indicates the specific band. *wild type*: *gSicily-mCherry/+; da/+*. (h) Working model: Sicily interacts with Hsp90 to chaperone some CI subunits, including ND42 and NDUFS3, in the cytoplasm. (left) Once imported, these subunits are incorporated into CI. (right) Loss of Sicily leads to the proteasomal degradation of CI subunits in the cytoplasm, loss of CI activity, and increased oxidative stress. WB, Western blot.](JCB_201208033_Fig8){#fig8}

To confirm that the interaction between ND42 and Hsp90 occurs in cytoplasm through Sicily, we performed co-IPs and found that the coimmunoprecipitated ND42 is the isoform with the NMTS ([Fig. 8 d](#fig8){ref-type="fig"}), suggesting that cytoplasmic ND42 forms a complex with Hsp90 and Sicily. To test whether Hsp90 directly or indirectly interacts with ND42, we cross-linked the complex with different cross-linkers ([Fig. 8 d](#fig8){ref-type="fig"} and not depicted). We observed that ND42 is present in cross-linked protein complexes ([Fig. 8 d](#fig8){ref-type="fig"}), whereas the level of native full-length ND42 is decreased ([Fig. 8 d](#fig8){ref-type="fig"}, third lane). In addition, less native full-length ND42 protein is immunoprecipitated when the proteins are cross-linked ([Fig. 8 d](#fig8){ref-type="fig"}, fifth and sixth lanes compared with fourth lane), suggesting that the ND42--Hsp90 interaction is not indirect. However, we were unable to detect ND42 in a cross-linked complex after IP ([Fig. 8 d](#fig8){ref-type="fig"}, sixth lane compared with third lane), suggesting that cross-linking eliminates their ability to be immunoprecipitated.

Hsp90 contains an ATPase domain that is required to stabilize its substrate. Inhibition of its ATPase activity by geldanamycin (GA), a drug that has been shown to be specific for Hsp90, leads to the proteasomal degradation of Hsp90 substrates and has been used to identify substrates for Hsp90 ([@bib41], [@bib42]; [@bib68]; [@bib46]). To determine whether the ATPase activity of Hsp90 is required for ND42 stability, we treated S2 cells expressing Sicily-V5 and ND42-HA with GA. As shown in [Fig. 8 e](#fig8){ref-type="fig"}, cells treated with GA exhibit a significant loss of ND42-HA as well as endogenous NDUFS3 ([Fig. S5](http://www.jcb.org/cgi/content/full/jcb.201208033/DC1){#supp5}), whereas levels of unrelated proteins, Porin and a transfection control, GFP, are unaltered, indicating that Hsp90 activity is required for the stability of ND42 and NDUFS3. Interestingly, cells treated with GA also exhibit a loss of Sicily, suggesting that Sicily also requires Hsp90 for its stability, unlike canonical Hsp90 cochaperones or substrates.

To confirm that Hsp90 stabilizes Sicily and CI subunits in vivo, we analyzed protein levels of Sicily and CI in Hsp90 knockdown flies. As shown in [Fig. 8 (f and g)](#fig8){ref-type="fig"}, flies expressing Hsp90 RNAi \#1 exhibit severely decreased levels of Sicily, ND42, and NDUFS3 compared with controls. In addition, these flies are third instar lethal at 25°C and have extended larval stages, similar to *sicily* mutants. These data indicate that Hsp90 is also required for the abundance of Sicily and ND42 in vivo. In addition, flies expressing a weaker Hsp90 RNAi line \#2 are viable but exhibit a less severe decrease in Sicily, ND42, and NDUFS3 levels upon aging (unpublished data). However, loss of ND42 does not negatively affect Sicily levels ([Fig. 8 g](#fig8){ref-type="fig"}), indicating that ND42 is not required for the stability of Sicily. This is consistent with the notion that ND42 is a secondary binding partner of the Sicily--Hsp90 complex ([Fig. 8, b and c](#fig8){ref-type="fig"}).

Discussion
==========

Mitochondrial proteins with IMTSs are chaperoned by Hsp70 and Hsp90 in cytoplasm ([@bib75]; [@bib19]). However, it is unknown how preproteins with NMTSs of eukaryotic origin in the nucleus are chaperoned. Here, we report that Sicily, the fly homologue of C8ORF38, plays a critical role in chaperoning these preproteins. Newly synthesized CI subunits bind Sicily that in turn recruits Hsp90 in the cytoplasm. In the absence of Sicily or Hsp90, at least two CI subunits are down-regulated, and CI activity is severely affected. These two subunits are recruited in the early (NDUFS3) and late (ND42) stages of CI assembly. In addition, a subunit encoded in the mitochondrial genome and translated in the matrix, ND1, is down-regulated in cells that lack C8ORF38 ([@bib37]; [@bib79]), suggesting that Sicily/C8ORF38 may chaperone CI proteins and preproteins in both cytoplasm and mitochondrial matrix. Alternatively, the lack of chaperoning CI preproteins in cytoplasm leads to a misassembled CI, which in turn causes the degradation of CI subunits translated in the matrix. These data are also consistent with the observation that unlike other CI assembly factors, neither Sicily (unpublished data) nor C8ORF38 interacts with CI intermediate subcomplexes in the matrix ([@bib67]; [@bib57]; [@bib37]). Hence, Sicily and C8ORF38 do not seem to function as classical assembly factors.

Hsp90 substrates typically are kinases, membrane receptors, and transcription factors ([@bib74]). However, Sicily does not belong to these classes of proteins. Furthermore, unlike canonical substrates, Sicily functions as a cochaperone for CI subunits. Hence, we propose that Sicily is a noncanonical substrate of Hsp90, which selectively binds and stabilizes secondary substrates, such as ND42 and NDUFS3. Recently, [@bib78] and [@bib77] identified 22 novel Hsp90 interactors with similar properties in *Saccharomyces cerevisiae*.

There are some interesting parallels between Sicily and Pink1, a protein involved in clearance of defective mitochondria. It has an NMTS and functions in cytoplasm, and its loss leads to ETC deficits and neurodegeneration ([@bib11]; [@bib17]; [@bib53]; [@bib23]). Interestingly, Pink1 also interacts with cytosolic Hsp90 but rather as a substrate ([@bib39]) instead of as a cochaperone.

Leigh syndrome (subacute necrotizing encephalopathy) is an early onset, progressive, and fatal neurodegenerative disease. The classical presentation is characterized by onset in infancy/early childhood with rapid, progressive neurological decline and focal, bilateral lesions in the central nervous system. It is a mitochondrial disorder with extensive genetic heterogeneity, involving many genes in energy metabolism. Mutations in subunits and/or assembly factors for each of the mitochondrial ETC complexes have been shown to cause Leigh syndrome ([@bib40]; [@bib35]; [@bib22]). CI deficiency is one of the most common causes of Leigh syndrome ([@bib40]), and mutations in both *C8ORF38* (*sicily*) and *NDUFA10* (*ND42*) have been associated with the disease ([@bib51]; [@bib22]). The phenotypes observed in the *Drosophila sicily* and *ND42* mutants are similar to defects observed in Leigh syndrome patients and include progressive dysfunction and deterioration of neurons, ETC deficiency, and increased steady-state levels of ROS ([@bib45]). In addition, mutations that affect complex II in flies and cause Leigh syndrome in patients also cause very similar phenotypes ([@bib36]). These similarities indicate that the molecular mechanisms presented here are relevant to our understanding of the molecular pathophysiology of Leigh syndrome.

Materials and methods
=====================

Screen and mapping
------------------

To identify novel genes on the *Drosophila* X chromosome that cause a neurodegenerative phenotype, we performed a large forward genetic screen. In the screen, isogenized *y w P{neoFRT}19A* males were treated with 7.5--15 mM ethyl methane sulfonate and crossed to *Df(1)JA27/FM7c, Kr-Gal4, UAS-GFP* virgins. The *y w* \**mut FRT19A/FM7c, Kr-Gal4, UAS-GFP* offspring were crossed to *FM7c, Kr-Gal4, UAS-GFP/Y* males to generate stocks. Stocks that did not produce *y w \*mut FRT19A* males were retained, as they carry mutations in essential genes on the X chromosome. Out of 33,887 stocks, 5,859 lethal mutants were identified.

For ERG recording, *y w \*mut (lethal) FRT19A/FM7c, Kr-Gal4, UAS-GFP* flies were crossed to *y w P{w+} cl(1) FRT19A/Dp(1;Y)y+; eyFLP* to generate flies with mutant clones in the eyes, and ERGs were performed as previously described ([@bib66]; [@bib32]). Flies were immobilized on glass slides. A reference glass electrode was inserted in the fly thorax, and a recording electrode was placed on the surface of the fly eye. Both electrodes were filled with 100 mM NaCl. Light flashes of 1 s were delivered using a halogen lamp. We recorded ERGs from ∼3,100 stocks. We were unable to assay all mutants, as some block eclosion, cause cell lethality or eye roughness, or produce clones that are too small to record from. We recorded from young (1--3 d old) and aged (24 d old) flies and identified 770 mutants with ERG defects.

For mapping and complementation tests, *y w \*mut (lethal) FRT19A/FM7c, Kr-Gal4, UAS-GFP* females were crossed to males from 10 large 1;Y duplications (from Bloomington Drosophila Stock Center duplication kit 1), genotype *Df(1)/Dp(1;Y)/C(1)DX*, which together cover 50% of the X chromosome ([@bib13]; [@bib65]). Rescued *y w \*mut (lethal) FRT19A/Dp(1;Y)* males were backcrossed to virgins from the same duplication stock by which they were rescued to generate stocks. Mutants rescued by the same duplications were subjected to complementation tests. All *XE07* alleles were rescued by *Dp(1;Y)BSC1*, and males carrying *XE07* alleles were crossed to deficiencies within the *Dp(1;Y)BSC1* region, including *Df(1)BSC726* and *Df(1)BSC543* ([@bib52]; [@bib56]; [@bib61]). The *P* element insertion line affecting *CG15738*, *yw P{w\[+mC\], y\[+mDint2\]=EPgy2}CG15738\[EY02706\]/FM7c*, was generated by the Gene Disruption Project ([@bib5]).

*Drosophila* stocks and crosses
-------------------------------

For RNAi experiments, *ND42* RNAi\#1, *yv; P{TRiP.HM05104}attP2* ([@bib44]); *ND42* RNAi\#2, *w; P{GD6220}v14444*, ([@bib16]); and *Hsp90* RNAi\#1, *y sc v; P{TRiP.HMS00899}attP2*, and \#2, *y sc v; P{TRiP.HMS00796}attP2* ([@bib44]), were crossed to *da-GAL4*.

Molecular cloning
-----------------

For the *sicily* genomic rescue construct, a DNA fragment containing *Drosophila* X:11783223...11788796 was retrieved from bacterial artificial chromosome clone BACR19M14 ([@bib48]; [@bib47]) and subcloned into p\[w+\]attB ([@bib29]) using BamHI and NotI sites. The tags added are 3×HA, V5, and mCherry ([@bib58]).

For *ND42* genomic rescue construct, a DNA fragment containing *Drosophila* 3R:17852760...17855427 was retrieved from BAC clone BACR24J06 ([@bib48]; [@bib47]) and subcloned into p\[w+\]attB ([@bib29]) using BglII and NotI sites. The tags were added by chimeric PCR.

For cDNA constructs, the coding sequence of *sicily*, *ND42*, or *Hsp90* was retrieved from cDNA clones RE44923, LD29280, or AT20544 ([@bib55]; [@bib59]), respectively, and subcloned into pUASattB ([@bib6]) vector using KpnI (for *sicily*) or EcoRI and NotI (for *ND42* and *Hsp90*) sites. Kozak consensus sequences, AAAs, were added to the 5′ of the CDSs. Tags were added by either chimeric PCR or included in the primers. The MTSs of Sicily and ND42 are predicted using Mitoprot ([@bib12]). For pUASattB-Sicily-MTS and pUASattB-ND42-MTS constructs, the predicted MTSs, aa 1--11 for Sicily and aa 1--47 for ND42, are truncated. For the human *C8orf38* cDNA construct, the CDS of human *C8orf38* was retrieved from cDNA clone 5245422 from the Mammalian Gene Collection ([@bib60]) and subcloned into pUASattB vector using EcoRI and NotI sites. A Kozak consensus sequence, AAA, was added to the 5′ of the CDS.

Transgenic flies
----------------

Transgenic flies containing genomic or cDNA constructs were generated by injecting certain plasmids into the embryos of *y w;; PBac{y\[+\]-attP}VK00033* (chromosome III) and *y w; PBac{y\[+\]-attP}VK00037* (chromosome II; [@bib64]).

Immunofluorescent staining
--------------------------

For tissue staining, the rabbit anti-DsRed antibody (Takara Bio Inc.) was extensively preabsorbed against tissues from *sicilyE;;gSicily* larvae before use. The antibodies were used at the following concentrations: DsRed, 1:200, and mouse anti-ATP synthase α subunit (CV; MitoSciences), 1:500. For S2 cell staining, the following antibodies were used: rat anti-HA (Roche), mouse anti-V5 (Invitrogen), rabbit anti-V5 (GenScript), and mouse anti-CV (MitoSciences). All primary antibodies were used at 1:100. Secondary antibodies conjugated to Cy3 (Jackson ImmunoResearch Laboratories, Inc.) or Alexa Fluor 488 (Invitrogen) were used at 1:250. Samples were mounted in Vectashield (Vector Laboratories) before being analyzed under a confocal microscope.

All our confocal scans were acquired with a confocal microscope (model LSM510; Carl Zeiss) with its accompanying software using Plan Apochromat 40×, NA 1.4 and Plan Apochromat 63×, NA 1.4 objectives (Carl Zeiss) at room temperature. Images were captured by a camera (AxioCam HRc; Carl Zeiss). Images are processed using ImageJ (National Institutes of Health). Deconvolution was performed using the Tikhonov--Miller method.

TEM
---

TEM was performed similarly as previously described ([@bib76]). Adult heads were dissected and fixed in cacodylate buffer containing 4% paraformaldehyde/2% glutaraldehyde and postfixed in 1% OsO~4~. Fixed samples were dehydrated in ethanol and embedded in EMBED-812 resin (Electron Microscopy Sciences). Plastic sections were stained with 4% uranyl acetate followed by lead citrate before examination with an electron microscope (1010; JEOL).

Quantitative PCR
----------------

*Drosophila* whole DNA (genomic and mitochondrial) was purified from control or *sicily* mutant larvae as the template for PCR. The template DNA was mixed with primers and green supermix reagent (iQ SYBR; Bio-Rad Laboratories). PCR was performed in a thermal cycler (iCycler; Bio-Rad Laboratories), and the data were collected and analyzed using the optical module (iQ5; Bio-Rad Laboratories) and related software following the manufacturer's instructions.

The following primer pairs were used to amplify a genomic DNA fragment corresponding to *CG9277*/*β-Tubulin* or a mitochondrial DNA fragment corresponding to *CG34083*/*ND5*, respectively: *β-Tubulin* forward, 5′-CCTTCCCACGTCTTCACTTC-3′; and *β-Tubulin* reverse, 5′-TTCTTGGCATCGAACATCTG-3′; and *ND5* forward, 5′-GCAGAAACAGGTGTAGGAGCA-3′; and *ND5* reverse, 5′-GCTGCTATAACTAAAAGAGCTCAGA-3′.

Yeast two-hybrid screen
-----------------------

The yeast two-hybrid screen was performed using the Matchmaker kit following the manufacturer's instructions (Takara Bio Inc.). Sicily (aa 47--334) was subcloned into the pGBK-T7 vector as the bait. The library DNA for prey was a collection of fly embryo cDNAs cloned into pACT2 vector. AH109 cells were transformed with both bait and prey constructs and plated on synthetic defined (SD) Trp-Leu media with X-α-gal. Blue colonies were further tested on SD-Trp-Leu-His media supplemented with X-α-gal. Viable and blue colonies were selected for plasmid sequencing.

Mitochondria isolation, subcellular fractionation, and enzymatic activity assays
--------------------------------------------------------------------------------

Mitochondria were extracted as previously described ([@bib21]). Flies are homogenized in extraction buffer (5 mM Hepes, pH 7.5, 210 mM mannitol, 70 mM sucrose, and 1 mM EGTA), and the lysate was subjected to centrifuge at 3,000 *g* for 10 min. The supernatant was then subjected to centrifuge at 8,000 *g* for 20 min. The supernatant contains the cytoplasmic fraction, whereas the pellet contains mitochondria.

For enzymatic assays, purified mitochondria were resuspended in ETC assay buffer (250 mM sucrose, 2 mM EDTA, and 100 mM Tris-HCl, pH 7.4), or aconitase assay buffer (1 mM [l]{.smallcaps}-cysteine, 50 mM Tris, 30 mM sodium citrate, and 0.5 mM MnCl~2~, pH 7.3). Mitochondrial membranes were broken by sonication (4× 5-s pulse and 60% power) using an ultrasonic cell disruptor (Microson XL-2000; Misonix). Enzymatic activity assays were performed as previously described ([@bib18]; [@bib14]; [@bib21]). CI activity (NADH/ubiquinone oxidoreductase) was determined by measuring oxidation of NADH at 340 nm (using ferricyanide as the electron acceptor) in a reaction mixture of 25 mm potassium phosphate, pH 7.5, 0.2 mm NADH, and 1.7 mm potassium ferricyanide. Complex II activity (succinate dehydrogenase) was determined by measuring the reduction of the artificial electron acceptor 2,6-dichlorophenol-indophenol at 600 nm in a reaction mixture of 25 mm potassium phosphate, pH 7.5, 20 mm succinate, 0.5 mm 2,6-dichlorophenol-indophenol, 10 µm rotenone, 2 µg/ml antimycin A, and 2 mm potassium cyanide. Complex III activity (ubiquinol/cytochrome *c* oxidoreductase) was determined by measuring the reduction of cytochrome *c* at 550 nm in a reaction mixture of 25 mm potassium phosphate, pH 7.5, 35 µm reduced decylubiquinone, 15 µm cytochrome *c*, 10 µm rotenone, and 2 mm potassium cyanide. Complex IV activity (cytochrome *c* oxidase) was determined by measuring the oxidation of cytochrome *c* at 550 nm in a reaction mixture of 10 mm potassium phosphate, pH 7.5, and 0.1 mm reduced cytochrome *c*. Citrate synthase activity was determined by measuring the reduction of 5,5′-dithiobis(2-nitrobenzoic acid) at 412 nm, which is coupled to the reduction of acetyl--coenzyme A by citrate synthase in the presence of oxaloacetate. The reaction mixture consists of 10 mm potassium phosphate, pH 7.5, 100 µm 5,5′-dithiobis(2-nitrobenzoic acid), 50 µm acetyl--coenzyme A, and 250 µm oxaloacetate. All activities were calculated as nanomoles/minute/milligram of protein, normalized to citrate synthase activity.

For native aconitase activity, the conversion of citrate into α-ketoglutarate was monitored at 340 nm with a 96-well plate based on the coupled reduction of NADP to NADPH under isocitrate dehydrogenase using a plate reader (Infinite M200; Tecan) at 30°C. Reduced aconitase activity was measured by incubation with 0.2 mM ferrous ammonium sulfate (Fluka) for 5 min in the reaction well before performing the enzymatic activity assay. All activities were calculated as nanomoles of NADPH/minute/milligram of total protein.

Protein extraction and immunoblot
---------------------------------

Tissues or purified mitochondria were homogenized in Laemmli buffer supplemented with protease inhibitor cocktail (Complete; Roche) and heated at 98°C for 10 min. Antibodies were used at the following concentrations for immunoblots: rabbit anti-DsRed, 1:1,000; mouse anti-NDUFS3 (MitoSciences), 1:10,000; chicken anti-NDUFA10 (Abcam), 1:1,000; chicken anti-Porin ([@bib21]), 1:10,000; mouse anti--cytochrome *d* (MitoSciences), 1:5,000; mouse anti-Hsp60 (LK-1; Abcam), 1:1,000; and mouse anti--β-Tubulin (E7; Developmental Studies Hybridoma Bank), 1:5,000. All secondary antibodies conjugated to HRP (Jackson ImmunoResearch Laboratories, Inc.) were used at 1:5,000.

Cell culture and IP
-------------------

S2 cells were cultured under standard conditions. The transfections were performed using Lipofectamine LTX (Invitrogen) following the manufacturer's instructions. Proteins are expressed using the UAS/GAL4 system, driven by *Ubiquitin-63E--Gal4*. For immunofluorescent staining, cells were fixed 24 h after transfection. For protein analyses with SDS-PAGE and/or immunoblots, cells were harvested and lysed 48 h after transfection except for the ones treated with GA. Proteins were then extracted for different assays.

MG132 (Sigma-Aldrich) and bafilomycin A1 (Sigma-Aldrich) were dissolved in DMSO and added to cells with the final concentrations of 20 µM (MG132) and 100 nM (bafilomycin) 48 h after transfection. Cells were treated for 2 h. GA was dissolved in DMSO and added to cells with certain concentrations 24 h after transfection. Cells were treated with GA for 12 h.

For cross-linking experiments, dithiobis(succinimidyl propionate), disuccinimidyl glutarate, or disuccinimidyl suberate (Thermo Fisher Scientific) was dissolved in DMSO and added to cells with certain concentrations. Cells were harvested 48 h after transfection, resuspended in PBS, treated with the cross-linkers for half an hour, and quenched in 50 mM Tris, pH 7.4, for 15 min at room temperature. To identify the molecular difference between two isoforms of ND42 or Sicily, cells were resuspended in Laemmli buffer, proteins were separated by SDS-PAGE, and bands with specific molecular sizes were cut and subjected to mass spectrometry analysis.

Co-IP was performed as previously described ([@bib62]). Cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and protease inhibitor cocktail), and the soluble fractions were precleared using empty beads. Protein complexes were then immunoprecipitated using either mouse anti-HA--agarose (Sigma-Aldrich), goat anti-V5--agarose (Bethyl Laboratories, Inc.), or GFP-Trap A--coupled agarose beads (ChromoTek). The following antibodies were used for immunoblots: rat anti-HA, mouse anti-V5, rabbit anti-V5, chicken anti-GFP (Abcam), and rabbit anti-DsRed. All primary antibodies are used at 1:1,000.

For endogenous IP, 1 ml *sicily^E^ FRT19A;;gRes-mCherry* adult flies were homogenized in lysis buffer. IP was performed using RFP-Trap A--coupled agarose beads following the manufacturer's instructions. Precipitated proteins were separated by SDS-PAGE and subjected to Western blotting or mass spectrometry analysis.

In vitro translation
--------------------

Sicily and ND42 cDNA were cloned into pET21(a) vectors. In vitro translation was performed using the quick coupled transcription/translation system (T[n]{.smallcaps}T; Promega) following the manufacturer's instructions.

Mass spectrometry
-----------------

Protein samples were boiled with Laemmli buffer and subjected to SDS-PAGE (4--20% Tris/glycine gel \[Novex; Invitrogen\]). Coomassie brilliant blue--stained protein bands were excised and subjected to in-gel digestion with trypsin essentially as previously described ([@bib25]). Nano-HPLC tandem mass spectrometry analysis of the isolated protein complex using advanced linear ion trap-mass spectrometer (LTQ Orbitrap Velos; Thermo Fisher Scientific) was performed as previously described ([@bib26]). In brief, each tryptic peptide was loaded onto a 0.3 × 5--mm C18 trap column (Zorbax 300SB; Agilent Technologies) equilibrated in 0.1% formic acid in water and washed for 5 min, and then, the trap column was switched in line with an in-house 100-mm × 75-µm column packed with a C18 matrix (Jupiter 4 µm Proteo 90 Å; Phenomenex) equilibrated in 0.1% formic acid/water. The peptides were separated with a 50-min discontinuous gradient of acetonitrile/0.01% formic acid (5--60% acetonitrile for 20 min) at a flow rate of 200 nl/min. Separated peptides were directly electrosprayed into the mass spectrometer using nanospray source with a voltage of 2.5 kV applied to the liquid junction. The mass spectrometer was operated in the data-dependent mode acquiring fragmentation spectra of the top 20 strongest ions. Obtained tandem mass spectrometry spectra were searched against *Drosophila* RefSeq database from FlyBase (ftp://ftp.flybase.net/genomes/aaa/) with Mascot algorithm (Mascot 2.3; Matrix Science) embedded in Proteome Discoverer 1.2 interface (Thermo Fisher Scientific). The precursor mass tolerance was confined within 10 ppm with fragment mass tolerance of 0.5 D and a maximum of three missed cleavages allowed. Assigned peptides were filtered with 5% false discover rate and subjected to verifications to eliminate false identifications.

Statistical analysis
--------------------

Two-tailed Student's *t* tests were applied to the data as indicated in the legends.

Online supplemental material
----------------------------

Fig. S1 shows the quantifications in the TEM of [Fig. 1](#fig1){ref-type="fig"}. Fig. S2 shows the mapping and lethal staging of Sicily (related to [Fig. 2](#fig2){ref-type="fig"}). Fig. S3 shows the localization of Sicily and Sicily-MTS (related to [Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}). Fig. S4 shows the quantification of the TEM of [Fig. 7](#fig7){ref-type="fig"}. Fig. S5 shows that Hsp90 is required to stabilize endogenous NDUFS3 (related to [Fig. 8](#fig8){ref-type="fig"}). Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201208033/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201208033.dv>.
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